Haber, 1999). Alternatively, it has been proposed that if pursued this question by studying the site-specific the ends remain intact, they will be available for NHEJ, DSBs created during V(D)J recombination, which rebut 5Ј strand resection will call homologous recombinalies on classical NHEJ to repair the broken ends. 
blunt signal ends (the SE substrate), a pair of covalently sealed hairpin coding ends (the CE substrate), or one Although this idea has received support from another group (Tsai et al., 2002) , the lack of a biochemical system of each in the case of a single RSS (12-RSS substrate). If these ends are repaired by joining, as in normal V(D)J capable of NHEJ-dependent V(D)J recombination has made it difficult to tease out the activities of the postrecombination, the CFP gene will remain nonfunctional. If the ends are repaired by homologous recombination, cleavage complex. We reasoned that the postcleavage complex might shepherd coding and signal ends to the however, then a functional copy of CFP will be formed, causing cells to fluoresce blue ( Figure 2B ). All substrates classical NHEJ machinery, thereby enabling proper joining and discouraging aberrant joining events. In order were tested in transient transfections into Chinese hamster ovary (CHO) fibroblasts, a model system widely to test this hypothesis, we devised an in vivo system to determine the extent to which the postcleavage complex used in studies of V(D)J recombination. Both full-length (FL) and truncated "core" versions of murine RAG prosequesters RAG-generated DSBs from an inappropriate repair pathway-homologous recombination. This exteins (Sadofsky et al., 1994a (Sadofsky et al., , 1994b were used as indicated. Versions of core RAG proteins bearing point muperimental system has allowed us to test a large array of RAG mutants with various defects in joining as well tations are referred to by the amino acid(s) changed. As a negative control, we employed a RAG-1 mutant ("DDE as to study RAG-mediated nicks, whose fate has never been explored in living cells. Not only do our experimutant") in which three catalytic amino acids have been mutated. This mutant retains the ability to interact with ments confirm our model that the RAG proteins shepherd DSBs into the classical NHEJ pathway, but we RAG-2 and to bind DNA, but is catalytically inactive, unable to generate nicks or hairpins ( transfected DNA, which are common (Wake et al., 1984) . tion using a substrate configuration that measures intermolecular homologous recombination (a recipient plasAs an additional control, we tested a homologous recombination substrate with scrambled heptamer and mid contains the CFP allele with the cleavage site while a donor plasmid contains the truncated CFP allele). Imnonamer elements (the "no RSS substrate") to ensure that nonspecific cleavage did not stimulate recombinaportantly, omitting the truncated CFP allele from the "donor" substrate abolished formation of CFP-positive tion. As expected, this substrate gave background levels of homologous recombination identical to the DDE mucells (data not shown), demonstrating that repair occurs by homologous recombination and not, for example, tant, as measured by flow cytometry ( Figure 3B ). As a positive control, we employed a similar substrate conby exonucleolytic removal of the RSS from each end followed by perfect rejoining. taining a site for the homing endonuclease, I-SceI, which stimulates homologous recombination in mammalian cells by introducing site-specific DSBs (Jasin, 1996 core RAG proteins, we used the CFP assay to test our trols, as seen by fluorescence microscopy ( Figure 3A and data not shown). Flow cytometry confirmed dracollection of 15 mutants (six in RAG-1 and nine in RAG-2; see Supplemental Table S1 straightforward manner: we allowed RAG cleavage to occur, incubated the reactions at a series of temperatures ranging from 37ЊC-70ЊC to allow disruption of the in vivo than wild-type RAG proteins ( Figure 3C and Suppostcleavage complex, then measured levels of signal plemental Figure S4 ). Thus, on a per-end basis, these end ligation (schematized in Figure 5A ). As expected, mutants stimulate ‫52ف‬ to 35 times more homologous wild-type postcleavage complexes do not release signifrecombination than wild-type RAG proteins. icant proportions of the signal ends at 37ЊC, 45ЊC, or The high levels of homologous recombination pro-50ЊC; only at 70ЊC do we see quantitative end release, duced by the two joining-deficient mutants were not as measured by the ability of the two ends to be ligated observed with a coding-end substrate and are therefore (
Figure 5B not shown), they produce fewer ligatable ends than wildprevent the signal ends from accessing the homologous type RAG proteins, which is reflected in the data. Data recombination machinery. A comparison with results from the experiment shown in Figure 5C are quantitated obtained from I-SceI lends weight to this conclusion:
in Figure 5D . The convergence of the results from the whereas I-SceI generates fewer broken ends (‫-5.2ف‬fold CFP in vivo assay and end release in vitro lead us to less) than wild-type core RAG proteins ( Figure 3C ), conclude that these two mutants form unstable post-I-SceI stimulates homologous recombination ‫9ف‬ times cleavage complexes that fail to properly retain the sigbetter ( Figure 3B) . Thus, the (fewer) I-SceI-generated nal ends. ends are far more readily available to the homologous It is interesting that none of our other 13 joining-defirecombination machinery than ends produced by wildcient RAG-1 and RAG-2 mutants stimulated homologous recombination better than wild-type RAG proteins type RAG proteins-at least 20-fold on a per-end basis. ( Figure 3B and data not shown) Figure 7 , left side). Even when We were intrigued by the observation that wild-type core the nick-only mutants were assayed on the single RSS and full-length RAG proteins stimulated some homolosubstrate, they were able to stimulate homologous regous recombination on extrachromosomal and intecombination as efficiently as the full-length or core wildgrated substrates (Figures 3 and 4, and see below) . We type RAG proteins (Figure 7 ). Since neither of two differconsidered two possible explanations for this phenomeent conditions that block DSB formation by the RAG non: either some signal ends escape from even wildproteins diminished the efficiency of homologous retype postcleavage complexes, or other V(D)J recombicombination, singly or in combination, we conclude that nation intermediates, such as nicks, might be initiating most of the homologous recombination observed with recombination. Nicks have long been hypothesized to wild-type RAG proteins in this system is elicited not by be capable of initiating homologous exchange (Holliday, DSB, but by nicks. 1964; Meselson and Radding, 1975 ), but compelling eviThis conclusion receives further support from the lack dence that this occurs in vivo has proved difficult to of correlation between levels of DSB and homologous obtain. recombination in various situations. Whereas full-length The first hint that nicks might be the initiating lesions RAG proteins produce ten-fold fewer signal ends than core proteins ( Figure 3C , Supplemental Figure S4 ; see in our CFP assay came from the results in Figure 3B . The (Figures 4 and 7) . Furthermore, as noted above, I-SceI ure 3B), as would be expected if they were more proficient at nicking. We therefore conclude that the two produces lower levels of DSB than core RAG proteins yet generates significantly higher levels of homologous mutants that destabilize the postcleavage complex in vitro stimulate homologous recombination in vivo by recombination ( Figure 3B) , again highlighting the discordance between levels of DSB and homologous remaking the normally sequestered signal ends available. combination initiated by the RAG proteins. These data strengthen the notion that nicks, rather than DSB, are Discussion the major RAG-induced initiators of homologous recombination in this system. ). It is also striking that the two mutations In our studies, the wild-type postcleavage complex did not allow signal ends to stimulate homologous rethat increase the accessibility of signal ends, K980A and R838A/K839A/R840A, both reside near the C terminus combination, but the two joining mutants that form an unstable postcleavage complex release these blunt of the catalytic core of RAG-1. This region of RAG-1 could be especially important for retaining the signal ends and stimulate even higher levels of homologous recombination than the gold standard, I-SceI. It is signifiends in the postcleavage complex, and these two mutants could prove to be useful tools for stimulating hocant that these same two mutants also form coding joints that display all the characteristics of alternative mologous recombination. NHEJ (Huye et al., 2002) . The fact that mutations in the RAG genes can cause joining defects that so closely Evidence that Nicks Initiate Homologous Recombination resemble those of NHEJ mutants had led us to propose in previous work that the RAG proteins, like NHEJ facPrevious studies have implicated site-specific nicks in stimulating homologous recombination in S. cerevisiae tors, help prevent aberrant handling of broken ends, reducing the incidence of oncogenic chromosome re-(using a coliphage nicking enzyme) (Strathern et al., 1991) and during mating type switching in fission yeast arrangements-i.e., that the RAG proteins serve as both a recombinase and a genome guardian in developing (Arcangioli, 1998). In neither instance could it be determined whether nicks themselves or subsequent DSB lymphocytes (Brandt and Roth, 2002; Huye et al., 2002; Roth, 2003). We have now provided strong in vivo evistimulate homologous recombination; in the case of S. pombe mating type switching, it was suggested that dence that the RAG postcleavage complex serves a more dynamic role, guiding the DNA ends to the proper the initiating lesions are DSB generated from the nicks by DNA replication (Arcangioli and de Lahondes, 2000). NHEJ repair pathway ( Figure 8A ). The RAG proteins are thus an archetype for a new category of molecule: moWe now present five lines of evidence suggesting that RAG-generated nicks initiate homologous recombinalecular shepherds that guide DSB to a particular repair pathway. tion in mammalian cells. First, wild-type RAG proteins produced similar levels We propose that mutations that destabilize the postcleavage complex, allowing premature release of signal of homologous recombination on both the CE and SE substrates, despite the fact that coding end hairpins or coding ends, could cause genomic instability in developing lymphocytes ( Figure 8B) . It is worth noting that must be opened before the coding ends can be available for recombination. Second, nick-only RAG mutants one of the amino acids altered in one of our mutants complex, they become free to participate in homologous recombination with an ectopic partner after some end processing (indicated by a dotted line at the end of the RSS triangle) followed by crossing over (HR). Alternatively, the ends could join with a break on another chromosome created by other means (aberrant joining). We propose that the poorly characterized alternative NHEJ pathway is involved in such aberrant joining events and could promote chromosomal translocations. (C) RAG-generated nicks might also lead to genomic instability, either by initiating homologous recombination with an ectopic partner or through conversion to a DSB that could then initiate HR or participate in other aberrant joining reactions. These DSB might be particularly reactive, as they would lack the protection of the RAG postcleavage complex. Note that these models are not mutually exclusive. stimulated homologous recombination as effectively as Lieber, 1997), nicks might be protected from repair through the continued presence of RAG-1 and RAG-2, wild-type RAG proteins, despite their inability to form detectable DSB. Third, wild-type RAG proteins proallowing cell cycle progression and formation of a replication-induced DSB. This could occur in the presence duced similar levels of homologous recombination on both the SE substrate and the single RSS "nick-only" of normal cell cycle checkpoints because the continued presence of RAG proteins could mask the nick; of substrate, which does not support efficient DSB formation in vivo. Fourth, if RAG-mediated DSB were the inicourse, the situation might be worsened in cells defective for proper checkpoint controls. In another scenario, tiating lesions, there should be a correlation between DSB formation and stimulation of homologous recombireplication-mediated conversion of nicks to DSB could result from mis-expression of RAG proteins during S nation. Yet full-length RAG proteins, which generate far lower levels of signal ends than the core proteins (in phase, which might occasionally occur in developing lymphocytes. If such DSB are formed, they are likely to agreement with previously published work [Steen et al., 1999] ), produced similar levels of homologous recombibe short-lived, extensively processed, or both since we have been unable to detect them by Southern blotting nation on integrated substrates as core RAG proteins (Figures 4 and 7) . Fifth (but related to the last point), (Figure 6B ) or by sensitive ligation-mediated PCR assays (Huye et al., 2002) . Furthermore, if nicks were being I-SceI generates fewer DSBs than the RAG proteins, but we observe substantially more homologous recombinaefficiently converted into DSB, one might expect our nick-only mutants to give rise to coding and/or signal tion with I-SceI than with wild-type RAG proteins (Figure 3B) (Figures 8B and 8C) . strate (Figure 7 ) raises the possibility that RAG-induced Thus, RAG-mediated nicks-whether they stimulate renicks at isolated RSS or pseudo-RSS could contribute combination directly or after conversion to DSB-can to aberrant rearrangements. no longer be considered inconsequential intermediates that pose no threat to genomic stability.
The Alt group has speculated that RAG-generated Evolutionary Implications of RAG-Initiated Homologous Recombination DSB might initiate homologous recombination between similar sequences located on nonhomologous chromo-A widely accepted model for the evolution of the somatically rearranging antigen receptor genes invokes an ansomes and thereby cause oncogenic translocations (Ferguson and guardians" though they may be, would not be able to
The DNA was then crosslinked to the membrane by UV irradiation. Probes were generated with a random priming DNA labeling kit serve their protective function, at least not in the context the alternative NHEJ pathway. It is tempting to speculate
